The tumour suppressor PTEN (phosphatase and tensin deleted on chromosome 10) regulates major cellular functions via lipid phosphatase-dependent and -independent mechanisms. Despite its fundamental pathophysiological importance, how PTEN's cellular activity is regulated has only been partially elucidated. We report that the scaffolding proteins b-arrestins (b-arrs) are important regulators of PTEN. Downstream of receptor-activated RhoA/ROCK signalling, b-arrs activate the lipid phosphatase activity of PTEN to negatively regulate Akt and cell proliferation. In contrast, following wound-induced RhoA activation, b-arrs inhibit the lipid phosphatase-independent antimigratory effects of PTEN. b-arrs can thus differentially control distinct functional outputs of PTEN important for cell proliferation and migration.
Introduction
The tumour suppressor PTEN (phosphatase and tensin deleted on chromosome 10) regulates numerous cellular functions including proliferation and migration (Salmena et al, 2008; Chalhoub and Baker, 2009) . Underscoring its critical importance as a major cellular regulator, the PTEN gene is frequently deleted or mutated in a broad range of human cancers. PTEN is a dual-specificity phosphatase that is capable of dephosphorylating lipids and peptides.
The crystal structure of PTEN revealed the presence of two major functional domains: an N-terminal catalytic phosphatase domain and a C-terminal C2 domain (Lee et al, 1999) . PTEN also contains a short N-terminal phosphatidylinositol 4,5 bisphosphate (PIP2) binding sequence and a C-terminal tail region, which contains multiple phosphorylation sites, implicated in regulating PTEN conformation and function (Vazquez et al, 2000; Odriozola et al, 2007; Rahdar et al, 2009) . The major physiological substrate of PTEN is phosphatidylinositol 3,4,5 trisphosphate (PIP3; Maehama and Dixon, 1999) . PTEN, therefore, acts to inhibit the PI3K/Akt pathway through its lipid phosphatase catalytic activity towards PIP3. By converting PI3K-generated PIP3 into PIP2, PTEN thus negatively regulates the proliferative signals depending on activated Akt. The fact that 440% of naturally occurring PTEN mutations found in cancer lie within the C-terminal region (Waite and Eng, 2002) , outwith the catalytic domain, suggests that PTEN has a wider role than inhibition of the PI3K/Akt pathway in cellular regulation and tumour suppression. For example, a phosphatase-dead point mutant of PTEN can still maintain increased p53 protein levels and activity, comparable to those elicited by wild-type PTEN (Freeman et al, 2003) . In addition, an RNAdependent protein kinase (PKR)-eukaryotic translation initiation factor 2 (eIF2) phosphorylation pathway that inhibits protein synthesis is regulated by PTEN and does not require its phosphatase activity (Mounir et al, 2009) . Also, PTEN can inhibit cell migration through its C2 domain, independent of its lipid phosphatase activity (Raftopoulou et al, 2004) . This anti-migratory activity appears to involve instead the protein phosphatase activity of PTEN and the dephosphorylation of a single residue, Thr383, in its C-terminal regulatory tail.
Contrasting with the large amount of data available on the role of PTEN in tumourigenesis, how PTEN is regulated by other factors and how this impacts on cellular function has only been partially elucidated (Wang and Jiang, 2008) , particularly with regard to signal transduction pathways emanating from receptor stimulation at the cell surface. b-Arrestins (b-arr1 and b-arr2) are two ubiquitously expressed proteins that were initially appreciated for the roles they play in the regulation of G protein coupled receptors (GPCRs; Dewire et al, 2007; Moore et al, 2007) . Emerging evidence has, however, shown that b-arrs also act as dynamic scaffolds to regulate the activities and subcellular distribution of multiple signalling proteins. Through their scaffolding properties downstream of diverse cell surface receptors, b-arrs modulate signal transduction in many essential biological events that often overlap with cellular functions regulated by PTEN (DeFea, 2007; Dewire et al, 2007; Xiao et al, 2007; Luttrell and Gesty-Palmer, 2010) . In this study, we uncover a functional direct interaction between b-arrs and the tumour suppressor PTEN. We demonstrate that b-arrs serve as important upstream regulators to modulate both lipid phosphatase-dependent andindependent functions of PTEN, which respectively impact on cell proliferation and migration.
Results

b-Arrestin directly interacts with PTEN and enhances its lipid phosphatase activity
Using a cytoplasmic yeast two-hybrid screen (Sos recruitment system) with b-arr2 as bait (Supplementary Figure S1a) , we isolated a clone corresponding to a C-terminal fragment of PTEN (amino acids 203-403) from a human thymus cDNA library ( Figure 1A) . The interaction between b-arr2 and PTEN was subsequently validated with full-length proteins using the L40 yeast reporter strain cotransformed with pLexABDb-arr2 and pGal4AD-PTEN ( Figure 1B ). This putative association was confirmed in mammalian cells by co-immunoprecipitation experiments of various forms of tagged PTEN and barrs from lysates of transfected COS and HEK293 cells (Figure 1C and D) . We subsequently demonstrated the presence of endogenous PTEN and b-arrs in the same molecular complex in HEK293 cells, in which PTEN was found in immunoprecipitates of a pan-b-arr1/2 antibody ( Figure 1E ). Taken together, the above results indicate that both b-arr1 and b-arr2 associate with PTEN. As the co-immunoprecipitation experiments detailed above cannot rule out the possibility that the interaction between b-arrs and PTEN occurs indirectly due to the presence of other proteins, we performed in vitro binding experiments using purified recombinant forms of PTEN and b-arrs. A GST-PTEN fusion protein was incubated with either His 6 -b-arr1 or His 6 -b-arr2 and western blotting with anti-b-arr antibodies demonstrated that the interaction of PTEN with either b-arr1 or b-arr2 is indeed direct (Figure 2A and B) .
To determine if the association with b-arrs can modulate the principal function of PTEN, namely its lipid phosphatase catalytic activity, we used an in vitro assay that measures the amount of free phosphate liberated from PIP3 Galan-Moya et al, 2011) . The catalytic activity of immunoprecipitated PTEN was increased three-fold in lysates of cells containing PTEN coexpressed with either b-arr1 or b-arr2, indicating that both b-arrs can enhance PTEN's lipid phosphatase activity ( Figure 1F ; Supplementary Figure S1b) . Furthermore, the catalytic activity of purified PTEN towards PIP3 was also enhanced in the presence of either recombinant purified b-arr1 or b-arr2, demonstrating that the direct interaction of b-arrs with PTEN is sufficient to stimulate its lipid phosphatase activity ( Figure 2C ).
b-Arrestin binds to the C2 domain of PTEN PTEN contains an N-terminal catalytic domain with dual lipid and protein phosphatase activity, and a C-terminal C2 domain that interacts with membrane lipids ( Figure 3A ; Chalhoub and Baker, 2009 ) and regulates the effects of PTEN on cell migration (Raftopoulou et al, 2004) . In addition, a C-terminal tail region includes multiple phosphorylation sites that regulate PTEN conformation and function (Vazquez et al, 2000; Odriozola et al, 2007; Rahdar et al, 2009) . Using truncations of PTEN, we found that b-arr1 and b-arr2 interact in co-immunoprecipitation experiments with both a C-terminal portion of PTEN lacking its catalytic domain (DCAT) and the isolated C2 domain ( Figure 3A-C) . Notably, association between b-arrs and the isolated C2 domain of PTEN was stronger than that observed with the full-length protein, suggesting that the interaction site(s) for b-arrs are 'masked' to some extent by PTEN intramolecular interactions under basal conditions, and may be subject to signal-dependent regulation.
The RhoA/ROCK signalling pathway controls b-arrestin-PTEN interaction The small GTPase, RhoA was so far one of the few other proteins known to increase PTEN lipid phosphatase activity, via its downstream effector Rho kinase (ROCK) (Li et al, 2005; Papakonstanti et al, 2007) . We, therefore, tested if RhoA could modulate PTEN-b-arr interaction. In the presence of constitutively active forms of RhoA (RhoA L63 and RhoA V14), the association between b-arr1 and PTEN was markedly enhanced (Figure 4A and E; Supplementary Figure S2a) . Wild-type RhoA also enhanced b-arr-PTEN association, although to a lesser extent than constitutively active RhoA ( Figure 4A and E), suggesting that the active state of RhoA promotes this association. Supporting this hypothesis, a cell permeable Rho inhibitor (C3 transferase) decreased b-arr1-PTEN complex formation in the presence of wild-type RhoA ( Figure 4B ). An active form of the Rho effector ROCK (ROCKD3) also produced a marked enhancement in the PTEN-b-arr association and was found to be part of the same molecular complex ( Figure 4C and E). Similar data were obtained with wild-type ROCK in the presence of constitutively active RhoA L63 ( Figure 4D ). We then assessed if b-arrs, in turn, might participate in RhoA-dependent activation of PTEN catalytic activity. In the experiments showing that active RhoA increased PTEN lipid phosphatase activity, the inhibition of endogenous b-arr1/2 expression using RNAi (Supplementary Figure S2b ) markedly reduced this effect, indicating that b-arrs are indeed required for RhoA-dependent upregulation of PTEN catalytic activity ( Figure 4F ).
As b-arrs are known to translocate to activated GPCRs and subsequently modulate downstream signalling pathways, we next sought to determine if a receptor that activates RhoA could alter PTEN-b-arr complex formation as well as their subcellular localization. We used as a receptor model the lysophosphatidic acid receptor 1 (LPA1-R), a GPCR that couples to Ga12 and activates RhoA (Ishii et al, 2004) , and which is known to recruit b-arr (Urs et al, 2005; Li et al, 2009) . Stimulation of exogenous LPA1-R in HEK293 cells expressing Ga12 increased the association between b-arr1 and PTEN within 2 min. The ROCK inhibitor, Y-27632, blunted this effect ( Figure 5A ) further confirming the facilitating effect of the Rho/ROCK pathway on PTEN-b-arr association. Also, expression of an active form of Ga12 increased PTEN-b-arr association (Figures 4E and 5B) . In cells expressing exogenous receptor, PTEN and b-arr2, under basal conditions b-arr2 showed its expected cytoplasmic distribution and PTEN was also predominantly cytoplasmic. Following 2 min LPA1-R stimulation, both b-arr2 and PTEN translocated to the plasma membrane ( Figure 5C ). Taken together, these data indicate that a receptor-activated RhoA/ ROCK pathway positively regulates the b-arr-PTEN interaction and controls the subcellular region where this association occurs.
b-Arrestin cooperates with PTEN to counter regulate the PI3K/Akt signalling pathway As the lipid phosphatase activity of PTEN, by converting PIP3 to PIP2, prevents Akt activation (pAkt), we next examined the effect of b-arr-mediated PTEN regulation on pAkt levels, using both endogenous and reconstituted cell systems. Coexpression of either b-arr1 or b-arr2 potentiated the inhibition of Akt activation caused by reintroducing PTEN in PTENnull prostate cancer PC-3 cells (Supplementary Figure S3a , lanes 1-4). As both b-arrs can inhibit PI3K activity in vitro and b-arr2 (but not b-arr1) has been shown to form a complex with Akt and its negative regulator PP2A (Beaulieu et al, 2005) , we performed experiments to confirm that the inhibitory effect of b-arrs on Akt activity in PC-3 cells does require PTEN. In these cells, a lipid phosphatase-dead mutant of PTEN (G129E) failed to inhibit pAkt levels, and co-transfection of either b-arr1 or b-arr2 had no additional effect on pAkt levels, indicating that the impact of b-arrs on PTEN requires the integrity of its lipid phosphatase activity (Supplementary Figure S3a , lanes 5-7). In addition, transfection of b-arr1 or b-arr2 alone, in the absence of PTEN, had no substantial effect on Akt activity in PC-3 cells Figure S3a, lanes 8-9) . Thus, in this cell model both b-arrs do indeed inhibit Akt activation by enhancing the lipid phosphatase activity of PTEN.
b-arr1/2 knock-out (DKO) MEFs (Kohout et al, 2001 ) were used to analyse more precisely the effect of endogenous b-arr expression on Akt activity. Following activation of endogenous LPA-R, pAkt levels (both pSer473 and pThr308) increased in WT MEFs, peaking at 2-5 min and then rapidly decreased ( Figure 6A; Supplementary Figure S3b) . In DKO MEFs, lacking b-arr expression, not only were pAkt levels elevated before stimulation, compared with WT MEFs, they rapidly reached a maximal value after LPA-R stimulation ( Figure 6A ), which was maintained throughout the time course of the experiment. Thus, loss of endogenous b-arr results in increased Akt activation, downstream of the LPA-R. Importantly, reintroduction of either b-arr1 or b-arr2 into DKO MEFs reduced Akt activation following LPA-R stimulation ( Figure 6B ; Supplementary Figure S3c) , providing further evidence that b-arrs participate in blunting Akt activation downstream of the LPA-R. In addition, pre-incubation of cells with the ROCK inhibitor Y-27632 abrogated the inhibiting effect of b-arrs on Akt activity downstream of LPA-R activation, demonstrating the requirement of a functional Rho/ ROCK pathway to achieve this effect ( Figure 6C) .
In WT MEFs, expressing endogenous b-arr1 and b-arr2, knockdown of PTEN led to an increased pAkt response after LPA stimulation, comparable to that observed in DKO MEFs expressing endogenous PTEN ( Figure 6D ), indicating that termination of LPA-promoted Akt activation in MEFs necessitates both b-arrs and PTEN. Supporting the cooperation of b-arrs and PTEN in this process, the increased pAkt response in DKO MEFs was not amplified further by siRNA-mediated reduction of PTEN levels ( Figure 6D ). Finally, in DKO MEFs, reintroduction of b-arr1 caused a decrease in pAkt levels, compared with control transfected cells, but this effect was lost in the case of simultaneous siRNA-mediated reduction of PTEN levels ( Figure 6E ), confirming that the reduction of pAkt signal elicited by b-arrs does indeed pass through PTEN. To investigate the functional importance of PTEN-b-arr cooperation in inhibiting Akt signalling, we carried out proliferation studies in MEFs. DKO MEFs proliferated faster than their wild-type counterpart over a 6-day time course (Figure 6F ). Based on the data above, we hypothesized that if this was caused by enhanced PI3K/Akt signalling, due to the absence of b-arr-dependent PTEN activation, then reducing PTEN expression in WT MEFs would shift their proliferation rate towards that of DKO MEFs. We found that inhibition of PTEN expression did indeed significantly increase the proliferation of WT MEFs ( Figure 6G ). Conversely, recomplementation of DKO MEFs with b-arr1 significantly inhibited the proliferation of DKO MEFs, shifting them towards the proliferation of WT MEFs ( Figure 6H ). Taken together, the above data show that b-arrs enhancement of PTEN lipid phosphatase activity can functionally result in the negative regulation of Akt activation and cell proliferation.
b-Arrestin regulates the lipid phosphatase-independent effect of PTEN on cell migration PTEN can also regulate cell function independently of its lipid phosphatase activity, as in the case of its inhibitory effect on glioma cell migration, which occurs through its C2 domain (Raftopoulou et al, 2004) . Given that b-arrs interact with this C2 domain, we assessed if b-arrs could also modulate the anti-migratory effect of PTEN, using a wound-healing assay and U373 glioma cells lacking endogenous PTEN. In U373 cells reconstituted with physiological levels of PTEN (U373-PTEN; Kotelevets et al, 2001 ; Supplementary Figure  S4a) , and b-arr1, an increased association between PTEN and b-arr1 was observed following wounding and during migration ( Figure 7A) . Interestingly, the increased b-arr1-PTEN association paralleled an increase in active GTP-bound RhoA levels, documented by the enhanced interaction of RhoA with the Rho binding domain of its effector rhotekin that only captures the GTP-bound form of RhoA (compare Figure 7A Figure  S4b) . In migration assays, confluent monolayers of wildtype PTEN-null U373 cells growing on glass coverslips were wounded to induce migration, and cells at the leading edge of the wound were microinjected, with a control GFP plasmid, b-arr1-YFP, b-arr2-GFP or wild-type Myc-tagged PTEN. After overnight migration, GFP-, b-arr1-YFP-and b-arr2-GFPexpressing cells remained at the leading edge of the wound, whereas cells injected with PTEN failed to migrate and were overtaken by non-injected control cells ( Figure 7C and E). When expression vectors for PTEN and either b-arr were injected in combination, cells regained the capacity to migrate, indicating that both b-arrs could overcome the inhibitory effect of PTEN. Furthermore, both b-arrs also overcame the previously reported (Raftopoulou et al, 2004) inhibitory effect of the isolated C2 domain on U373 cell migration ( Figure 7D and E). Taken together, these data demonstrate that both b-arr1 and b-arr2 interact with the C2 domain of PTEN to block its inhibitory effect and thus rescue migration.
A naturally occurring lipid phosphatase defective point mutant of PTEN, Gly129Glu (G129E), was still capable of inhibiting U373 cell migration, whereas a mutant lacking both lipid and protein phosphatase activities, Cys124Ser (C124S), lost the anti-migratory phenotype (Figure 8A and B; Supplementary Figure S5 ), demonstrating that in addition to the C2 domain, the protein phosphatase activity of PTEN, not the lipid phosphatase activity, is important for the regulation of cell migration (Raftopoulou et al, 2004) . A group of phosphorylation sites at Ser380, Thr382, Thr383 and Ser385 in the carboxy-regulatory tail region have previously been reported to control PTEN's conformation and function (Vazquez et al, 2000; Odriozola et al, 2007; Rahdar et al, 2009 ). In the C124S protein phosphatase-dead form of PTEN, Thr383 is phosphorylated in its regulatory phosphorylation motif and it was therefore proposed that auto-dephosphorylation of Thr383 controls the effect of the C2 domain on migration. Indeed, mutations of Ser380, Thr382, Thr383 and Ser385 together or Thr383 alone in the carboxy-terminal regulatory phosphorylation motif of the catalytically dead C124S PTEN (CS-A4 and CS-T383A, respectively) restored the capacity to inhibit migration by PTEN (Raftopoulou et al, 2004 ; Figure 8A and B; Supplementary Figure S5 ). This suggests that in these mutants the C2 domain is active and able to block migration. As b-arrs interact strongly with the C2 domain of PTEN, we next examined b-arr1 association with CS-T383A and CS-A4. Interestingly, whereas, CS-T383A showed increased binding to b-arr1 in co-immunoprecipitation experiments, compared with wild-type PTEN, CS-A4 was defective in b-arr1 binding ( Figure 8C ). We subsequently tested the effect of b-arr1 on CS-T383A and CS-A4 in the migration assay. Microinjection of b-arr1 with CS-T383A PTEN but not the b-arr-binding defective CS-A4 PTEN was found to restore migration of U373 cells ( Figure 8B and D) , establishing that b-arr interaction with PTEN is necessary for the release of the brake on cell migration. Taken together, these data suggest that residues in the regulatory motif of PTEN, which control PTEN conformation and C2 domain anti-migratory effect, are also capable of controlling b-arr binding and subsequent effects on migration.
Discussion
The data described here demonstrate that b-arrs are able to interact with and exert control on distinct functional signalling outputs of tumour suppressor PTEN, modulating its effects on cell proliferation and migration. Moreover, while it is now appreciated that PTEN can function through lipid phosphatase-dependent and -independent mechanisms (Chalhoub and Baker, 2009) , this is the first time, to our knowledge, that a single PTEN interaction partner has been shown to modulate both events. Recently, the unique arrestin orthologue of C. elegans was found in the same molecular complex with DAF-18, the PTEN orthologue in this organism (Palmitessa and Benovic, 2010) . Our present data support the idea that the arrestin-PTEN association is evolutionarily conserved. We further demonstrate that both b-arr1 and b-arr2 interact directly with PTEN to enhance its catalytic lipid phosphatase activity and also show that b-arr-PTEN association is dynamically regulated in mammalian cells.
Our findings establish an important link between cell surface receptor activation and PTEN function. We demonstrate that b-arrs and PTEN are co-recruited to the plasma membrane following LPA-R activation, and that b-arrs act downstream of the LPA-R/Ga12-regulated RhoA/ROCK pathway to enhance the lipid phosphatase activity of PTEN towards PIP3. Following ligand stimulation, other GPCRs, such as the sphingosine 1-phosphate 2 receptor (Sanchez et al, 2005) , the thromboxane A2 receptor (Song et al, 2009) and the follicle-stimulating hormone receptor (Dupont et al, 2010) , were reported to enhance PTEN lipid phosphatase activity. Interestingly, both the sphingosine 1-phosphate 2 receptor and the thromboxane A2 receptor were shown to regulate PTEN through RhoA. Our data suggest that b-arrs are a key component in the cascade of molecular events involved in GPCR-promoted regulation of PTEN. Since a large number of GPCRs couple to Ga12/13 proteins and activate RhoA (Siehler, 2009) , the b-arr-mediated activation of PTEN downstream of GPCRs could physiologically occur in many different tissues. It was recently shown that downstream of angiotensin II receptor stimulation, b-arr1 binds to the RhoA GAP ARHGAP21 to inhibit its RhoA GAP function, promoting an increase in RhoA activity (Barnes et al, 2005; Anthony et al, 2011 ). An intriguing prospect, therefore, emerges that b-arrs could act both as upstream RhoA regulators and also as downstream RhoA effectors.
Functionally, the b-arr-mediated enhancement of PTEN's lipid phosphatase activity inhibits Akt signalling and cell proliferation. It has already been established that in certain contexts b-arr2 can form a complex with Akt and its negative regulator PP2A (Beaulieu et al, 2005) , and that both isoforms may directly regulate PI3K activity (Povsic et al, 2003; Wang et al, 2007) . Thus, b-arrs appear as central regulators of the PI3K/Akt pathway, operating at different key nodes of this signalling axis, which modulates both cell growth and survival.
b-arrs are also important modulators of directional migration both in vitro and in vivo (Fong et al, 2002 ; Walker et al,
2003
; Buchanan et al, 2006; DeFea, 2007) , interacting with and regulating proteins involved in actin cytoskeleton reorganization (Scott et al, 2006; Coureuil et al, 2010) and polymerization (Zoudilova et al, 2007) . Here, the finding that b-arrs interact with the C2 domain of PTEN to release a brake on U373 cell movement, independently of the lipid phosphatase activity of PTEN, represents a new mechanism by which b-arrs control migration. This anti-migratory activity of PTEN is regulated by the protein phosphatase activity of PTEN, which might control the auto-dephosphorylation of Thr383, in its C-terminal regulatory tail. Experiments with the C124S catalytically dead mutant of PTEN allowed us to correlate binding of b-arr with Thr383-dephosphorylated PTEN with the negative control exerted by b-arr on the anti-migratory effect of PTEN. Since the anti-migratory activity of the C2 domain is under control of the C-terminal regulatory tail of PTEN and previous studies have demonstrated extensive intramolecular interactions between the C-tail and the C2 domain (Odriozola et al, 2007; Rahdar et al, 2009) this may indicate that dephosphorylation of Thr383 unmasks b-arr-binding sites(s) on PTEN. However, additional studies are necessary to fully understand the complex mechanisms involved in changes of PTEN conformation and control of cell migration, since the mutation of all four regulatory phosphorylation sites (Ser380, Thr382, Thr383 and Ser385) in catalytically inactive PTEN inhibits b-arr binding.
Additional functional convergence of PTEN-and b-arrmediated signalling concerns the tumour suppressor p53. PTEN can regulate p53 protein levels and activity through both phosphatase-dependent and -independent mechanisms (Freeman et al, 2003) . Several studies have shown that b-arr2 can regulate the Mdm2-dependent inhibition of tumour suppressor p53. Binding of b-arr2 to Mdm2 reduces Mdm2-mediated p53 ubiquitination and degradation (Wang et al, 2003a) . Furthermore, b-arr2, via its nuclear export activity (Scott et al, 2002b) , titrates Mdm2 out of the nucleus and increases p53 activity (Wang et al, 2003b; Boularan et al, 2007) . In light of the interaction between b-arrs and PTEN identified here, b-arrs could also possibly control p53 levels/ activity via PTEN-dependent mechanisms and thus serve as major regulators of the p53/PTEN/Mdm2 tumour suppressor-oncoprotein network (Mayo and Donner, 2002) . Interestingly, several recent studies have documented alterations of b-arr mRNA and protein levels during breast cancer progression that correlate with poor clinical outcome (Li et al, 2009; Michal et al, 2011) .
In summary, our data indicate that b-arrs serve as versatile molecular scaffolds to regulate distinct functional outputs of PTEN that impact on cell proliferation and migration. Finally, Figure 7A . The red dotted line indicates the wound edge. The number of cells that were still at the wound edge following migration overnight was quantified.
as PTEN is a major tumour suppressor that is frequently deregulated in a broad range of human cancers, our findings that b-arrs serve as upstream signalling regulators of PTEN may have important consequences for cancer progression and metastasis.
Materials and methods
Plasmids and reagents
Previously described Myc-PTEN (Raftopoulou et al, 2004) and Myc-Rho constructs in pMyc-RK5 were obtained from Alan Hall. b-arr constructs used in these studies have been described previously (Scott et al, 2002a, b) . The b-arr A1CT antibody was a kind gift from RJ Lefkowitz. b-arr1/2 (D24H9), b-arr2 (C16D9), PTEN (138G6), pAkt and total Akt antibodies were from Cell Signaling. GFP and Myc (9E10) antibodies were from Roche. Rabbit polyclonal Myc antibody (ab9106) was from Abcam. LPA, Rabbit polyclonal FLAG antibody and EZview Red anti-FLAG and -Myc agarose Affinity gels were from Sigma. Anti-PTEN mAb (A2B1) was from Santa Cruz and anti-PTEN mAb clone 6H2.1 was from Millipore. Cell penetrating C3 transferase, which inhibits RhoA by ADP ribosylation in the effector-binding domain of the GTPase, was from Cytoskeleton Inc.
Cell culture and transfection COS, HEK293, HeLa, U373, WT and b-arr1/2 null MEF cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and penicillin/ streptomycin. PC-3 cells were maintained in RPMI supplemented with 10% FBS and penicillin/streptomycin. The MEF lines were kindly provided by RJ Lefkowitz. COS and HEK293 cells were transfected using GeneJuice (Novagen) and MEF lines with Fugene HD (Roche). The siRNA was transfected either by nucleofection or with DharmaFECT (Dharmacon) and for co-transfection of plasmid and siRNA, X-tremeGENE (Roche) was used. Targeting of PTEN was performed using an siRNA SMARTPOOL from Dharmacon. The double-stranded 5 0 -ACCUGCGCCUUCCGCUAUG-3 0 siRNA sequence was used to simultaneously target both b-arr1 and b-arr2 as previously described (Molla-Herman et al, 2008) .
Sos recruitment system yeast two-hybrid screen
Sos recruitment system (Aronheim et al, 1997) library screening was performed as previously described (Scott et al, 2006) . Briefly, Cdc25H yeast cells expressing a C-terminally truncated b-arr2 bait, pSosGlyb-arr2DC1 containing amino acids 1-337 (Supplementary Figure S1a) and mGAP (to reduce Ras GTPase false positives obtained in the screen) were transformed with a human thymus cDNA library fused to a myristylation signal (Stratagene) under the control of the galactose-induced pGal1 promoter. Following library transformation, yeast cells were plated onto Leu-/Ura-/Trp-agar plates containing 2% galactose/1% raffinose and placed in an incubator at 251C for 40 h before being transferred to the nonpermissive temperature of 371C. Clones that grew at 371C after 5-7 days were considered as potential b-arr interactors, and plasmid DNA was subsequently extracted and sequenced. Using this approach, B1.5 Â10 6 clones were screened. A total of 135 b-arr2-interacting clones were identified, of which one corresponded to a C-terminal clone PTEN ( Figure 1A ).
Classical yeast two-hybrid assay
The L40 yeast reporter strain containing a LexA-inducible gene, HIS3, was cotransformed with pLexABD and pGal4AD hybrid expression vectors and plated on selective medium. Transformants were subsequently assayed for histidine auxotrophy.
Purification of His 6 -b-arr proteins, GST-PTEN, GST-b-arrs and in vitro binding assays
Overnight cultures of BL21(DE3)pLysS (Novagen) transformed with His 6 -TAT-HA-barr1 or His 6 -TAT-HA-barr2 plasmids were diluted 1/4 and grown for 4 h at 371C after IPTG induction. Bacteria were resuspended and lysed by sonication in 50 mM Tris, 0.1 mM EDTA, 0.1 mM DTT, 2.5% glycerol, 20 mM imidazole, pH 7.4 supplemented with protease inhibitors (lysis buffer). Insoluble material was eliminated by centrifugation at 10 000 g for 15 min, and the supernatant was applied to Ni-NTA agarose beads (Biorad).
The columns were washed with lysis buffer, and bound proteins were eluted with 200 mM imidazole in lysis buffer. Eluted proteins were dialysed into 100 mM Tris using a dialysis membrane (MWCO: 12-14 000). GST-PTEN, GST-b-arr1 or GST-b-arr2 fusion proteins were expressed in BL21(DE3)pLysS (Novagen) and purified on a GSTrap High-Performance column (GE Healthcare) according to the manufacturer's instructions. Products eluted with 10 mM glutathione were desalted on a HiTrap desalting column (GE Healthcare) in PBS. Proteins were characterized by SDS-PAGE and Coomassie staining.
For in vitro binding assays, 1.5 mg of GST-PTEN was immobilized on 20 ml glutathione-agarose beads (Sigma) for 1 h at 41C in TEN 300 (20 mM Tris, 0.1 mM EDTA, 300 mM NaCl, pH 7.4, supplemented with protease inhibitors). Beads were washed three times in TEN 300. 1.5 mg of His 6 -b-arr1 or His 6 -b-arr2 was then added in a final volume of 500 ml of TEN 300. After 1 h at 41C, beads were washed four times with 1 ml of TEN 300. Complexes were applied on 10% SDS-PAGE gels, and proteins were revealed by western blotting with anti-b-arr1/2 (D24H9) or b-arr2 (C16D9).
PTEN phosphatase assay
Phosphatase assays were performed as described previously Galan-Moya et al, 2011) . For phosphatase assays using purified recombinant proteins, eluted GST-b-arrs were dialysed into 100 mM Tris using a dialysis membrane (MWCO: 12-14 000) and characterized by SDS-Page and Coomassie staining. Purified His 6 -PTEN (Enzo) was used at 40 nM with 100 nM of purified GST-b-arr1 or GST-b-arr2 in a final volume of 47.5 ml of phosphatase buffer (100 mM Tris, 10 mM DTT). Proteins were incubated 30 min at 41C before 100 mM water-soluble di-C8-PIP3 (Echelon Biosciences) was added. After 45 min incubation at 371C, released phosphate was measured using Biomol Green reagent. A similar strategy was used to assess PTEN phosphatase activity following immunoprecipitation from cells.
Proliferation assay
MEF cells were seeded in triplicate at a density of 10 000 cells/well of a 12-well plate. Cells were fixed in cold methanol and stained for 30 min with crystal violet (0.1% in PBS), rinsed repeatedly with dH 2 O before being dried and solubilized in 10% acetic acid (Corsi et al, 2009) . Cell number was estimated by measuring optical density at 560 nm.
Migration assay
Human glioma U373 cells were plated onto coverslips in 4-well plates and grown until confluency. Monolayers were scratched (wounded) with a sterile pipette tip and 1 h later plasmids (0.1-0.35 mg/ml in PBS) were microinjected directly into the nucleus of cells in the first row at the wound edge. An Eppendorf Femtojet and Injectman micromanipulator attached to a Leica DMI 3000 microscope were used for microinjections. Following microinjection, cells were returned to a 5% CO 2 incubator and left to migrate for 18 h before being fixed in 4% paraformaldehyde for 10 min and processed for immunofluorescence.
Immunofluorescence
Cells growing on coverslips were fixed in 4% paraformaldehyde-PBS and quenched with 50 mM NH 4 Cl for 10 min. A 1% BSA-0.05% saponin-PBS (HeLa cells) or a 1%BSA-0.2% Triton X-100-PBS (U373 cells) solution was used to block and permeabilize cells. Cells were incubated with primary and secondary antibodies and/or Alexa Fluor (488 or 594) as indicated in figure legends before being mounted on slides. Confocal images of HeLa cells were taken using a Leica spinning-disk microscope ( Â 63 oil immersion lens) equipped with a CoolSnap HQ2 CCD camera. Representative images of migrating U373 cells were taken using a Zeiss Axio Observer.Z1 microscope with a dry Â 20 objective and CoolSNAP HQ2 CCD camera.
Immunoprecipitation and immunoblotting
Cells growing in 10 cm dishes were lysed in 1 ml of cold lysis buffer (50 mM Hepes (pH 7.4), 250 mM NaCl, 2 mM EDTA, 0.5% NP-40, 10% glycerol supplemented with protease inhibitors; Roche) and clarified by centrifugation at 13 000 r.p.m. for 20 min at 41C. Following immunoprecipitation, immune complexes were washed extensively, and immunoprecipitated proteins were detected by western blot. Rho activation assay RhoA activation was monitored using a commercially available ELISA kit (Cytoskeleton) according to the manufacturer's instructions.
Statistical analysis
All data are expressed as mean±s.e.m. Data were analysed using Student's t-test and Po0.05 (at least) was considered as statistically significant.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
